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A B S T R A C T
Properties and performance of materials are closely connected. In order to obtain piezoelectric and lasing optical
quality, ZnO has to be free of defects and highly crystalline. Instead, conductivity depends upon such defects,
making it not trivial to aim at a speciﬁc set of properties in a single step. In this regard, we studied in situ the
eﬀect of temperature as an additional knob to ﬁnely control such properties. In this contribution, plasma en-
hanced atomic layer deposited (PE-ALD) zinc oxide (ZnO) layers, deposited between 25 °C and 250 °C, were
studied in situ during annealing in air, and the opto-chemical and structural characteristics of the oxides were
followed as a function of temperature. In situ spectroscopic ellipsometry (SE) and X-ray diﬀraction (XRD) were
adopted to identify temperature windows where major structural and optical changes in the material occurred.
Two temperature regions were identiﬁed for the eﬀusion of adsorbed gases and minor structural rearrangements
(180–280 °C) and for the growth/coalescence of ZnO crystals and its densiﬁcation (360–500 °C). The results were
corroborated by ex situ SE, XRD, UV–Vis and X-ray photoelectron spectroscopy. The in situ study revealed dif-
ferences among the ZnO layers deposited at diﬀerent temperatures, giving additional insights on the material
properties deposited by PE-ALD.
1. Introduction
Zinc oxide (ZnO) is a well-studied II-VI semiconductor showing
versatile and easy tunable properties, making it the material of choice
of an increased number of optoelectronic applications. A number of
highly referenced reviews published in the last 10 years well represent
the still growing interest in the ZnO properties, processing, and device
applications, mostly when deposited as thin ﬁlm [1–4]. It possesses a
wide direct bandgap (~3.37 eV) and large excitonic binding energy
(~60meV) which make it useful for near-UV optoelectronic devices
and for lasing applications [5,6]. The high transparency in the visible
spectrum and the possibility to tune its electrical properties via doping,
e.g., aluminum doping [7,8], makes it a valid alternative as a trans-
parent conductive oxide (TCO). The polar nature of ZnO, originating
from its wurtzite hexagonal crystal structure, enables piezoelectricity in
a high quality material, allowing its use in piezo-sensors and actuators
[9].
Atomic layer deposition (ALD), either thermal or enhanced by
plasma (PE-ALD), has often been adopted as the method of choice to
deliver high quality (ultra-)thin ZnO ﬁlms [3,10–15]. Polycrystalline
thin ﬁlms were obtained, down to room temperature [16,17]. The
optical and structural properties of ZnO have been mainly controlled by
adjusting the substrate temperature during the growth, obtaining layers
with diﬀerent preferential crystal orientation and opto-electrical prop-
erties [3,14]. A transition from a 100 to a 002 crystal orientation is
generally reported as a function of the deposition temperature, both in
plasma and thermal ALD [10,14]. Moreover, the optical quality as
measured with photoluminescence (PL) has been found to improve with
the deposition temperature, due to the removal of defects [16].
Although the materials deposited are of high quality, mostly for low
temperature processes, defects and impurities are still introduced in the
ZnO structure, posing a limit in their application as piezoelectric or
lasing components. Post-deposition annealing is a common method
used for enhancing the properties of the ZnO thin ﬁlms, and recently it
has been applied to ALD deposited layers [18–21]. It has been shown
that, as a function of the annealing temperature, crystal growth and
increased optical density are achieved [19,21], together with an en-
hanced optical quality of the layer, as witnessed by the more intense
photoluminescence [18]. Moreover, next to the classical annealing,
increasing interest on the eﬀect of thermal treatments on the properties
of the materials have been raised by the possibility of post-deposition
high temperature treatments as part of the material synthesis.
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Template-assisted growth methods allow the production of complex 3D
nanostructures [22–25], usually not achievable by ALD. The removal of
an organic template after coating with ALD ZnO is obtained by calci-
nation or annealing, and, in turn, the properties of the remaining ma-
terial are inﬂuenced by the temperature and conditions adopted. In this
way, (hollow) nanotubes, nanopillars, and nanoﬁbers of ZnO (among
other materials) were achieved, starting from the removal of diﬀerent
templates (e.g., carbon nanotubes, electrospun ﬁbers, bio-nano-tem-
plates) [22]. For this application, thorough investigations on the ma-
terial properties as a function of temperature are paramount for de-
termining a priori the opto-chemical and structural properties of the
remaining nanostructured material.
Recently, Zheng et al. investigated the eﬀect of diﬀerent annealing
temperature ranges on ALD ZnO thin ﬁlms by a detailed spectroscopic
ellipsometry study [19]. Three diﬀerent regions were identiﬁed where
the optical and structural properties of ZnO were found to drastically
change, namely below 400 °C, 400–700 °C, and 700–900 °C. The second
region was deemed responsible for the major structural changes in ZnO
thin ﬁlms, while in the third region degradation of the materials oc-
curred. Similar conclusions were drawn in other studies on ALD ZnO
layers, adopting among others atomic force microscopy [21], X-ray
diﬀraction and reﬂectivity [18,20], and photoluminescence [18,21]. In
all of the studies presented, the layers were measured ex situ, that is,
after annealing and at room temperature. Furthermore, generally only a
single ALD ZnO deposition parameter (e.g., temperature) was in-
vestigated.
In this contribution, plasma enhanced ALD was adopted for the
deposition of ZnO at temperatures ranging between 25 and 250 °C. The
annealing procedure in air was followed in situ by means of spectro-
scopic ellipsometry (SE) and X-ray diﬀraction (XRD). The evolution of
the optical and structural properties was then followed during the an-
nealing and temperature windows responsible for the enhancement of
the material properties were identiﬁed. The study is corroborated by ex
situ techniques, highlighting the possibility of obtaining speciﬁc mate-
rial properties as a function of the annealing temperature. The in-
vestigation of the annealing eﬀect on diﬀerent ZnO layers highlighted
diﬀerences in the material characteristics not detectable from the
pristine layers.
2. Experimental section
A custom-built direct plasma ALD reactor was used to deposit the
ZnO thin ﬁlms on single side polished c-Si (100) substrates (Siegert
Wafer). The reactor was in an asymmetrical plate conﬁguration, in
which the showerhead radio frequency (RF) electrode and ground
electrode had a distance of 8 cm and are 20 cm and 30 cm in diameter,
respectively. Diethyl zinc (DEZ, Sigma-Aldrich, CAS 557-20-0) was used
as the metalorganic precursor. The input power was supplied by an RF-
power generator (Advanced Energy Cesar 13.56MHz) through a
matching network (Advanced Energy Navio). An input power of 60W
was chosen for these experiments [17]. The pressure in the reactor was
controlled via an automatized butterﬂy valve (MKS 253B). The valve
was set to a ﬁxed opening in order to reach a pressure of around 85
mTorr during plasma exposure. A multi gas controller (MKS 647C) and
mass ﬂow controllers (MKS MF1-C) were used to control the ﬂow rates
of the gases. Pure oxygen was used during the plasma step and Ar was
adopted in the purging step. The ﬂow rates for O2 and Ar were set at 20
sccm during the plasma and the purging step, respectively. An ALD-
valve (Swagelok ALD3) was used to pulse DEZ into the reactor. Due to
the high vapor pressure of DEZ, no further heating or bubbling system
were adopted. The depositions were carried out in a range of tem-
perature going from 25 to 250 °C [17].
Spectroscopic ellipsometry (J.A. Woollam M-2000 V) was used to
determine the thickness and optical properties of the ﬁlms after de-
position. The measurements were carried out at three diﬀerent angles
(65°, 70°, and 75°) in a wavelength range from 370 to 1000 nm. The
analysis of the spectra was performed with the software
CompleteEASE®. The thickness was determined by applying a three-
layer model consisting of a semi-inﬁnite silicon substrate, a native si-
licon oxide layer with a ﬁxed thickness of 1.5–2 nm, and a Cauchy
layer, as follows
= + +n λ A B
λ
C
λ
( ) 2 4 (1)
in which n is the wavelength-dependent refractive index, λ is the wa-
velength and A, B, and C are ﬁt parameters. An Urbach tail was used to
account for absorption at lower wavelength. The ﬁtting was limited to
the transparent region of ZnO, i.e., 450–1000 nm.
In order to determine the bandgap and absorption coeﬃcient of ZnO
layers, an oscillator model was also adopted, extending the wavelength
range to 370–1000 nm. The oscillator model consisted of Gaussian os-
cillators to account for the high- and near infrared-energy contributions
and a PSEMI-M0 model to account for the near-bandgap absorption.
The PSEMI-M0 model is an oscillator with a sharp onset and
Kramers–Kronig consistent properties consisting of four connected
polynomial spline functions. It is modeled by ﬁt parameters controlling
the amplitude, broadening, center energy, left and right endpoints, and
left and right midwidth control points [26]. The bandgap energy was
obtained by extrapolating the linear part from a Tauc-plot [27].
For the in situ temperature-dependent studies, the SE system was
equipped with a THMS600 temperature stage (Linkam, UK), equipped
with a sealing capping chamber. Dry air was continuously ﬂown into
the capping chamber, kept at atmospheric pressure. The temperature
was varied from room temperature to 600 °C at 30 °C/min. The tem-
perature was then kept constant at 600 °C for 100min. Subsequently,
the system was let cool down to temperatures of 30–40 °C, with the
same rate. For these experiments, the acquisition angle was ﬁxed at 70°.
X-ray diﬀraction (XRD) in a θ/θ-conﬁguration was performed to
analyze the crystalline properties of the ﬁlms in the specular direction.
The diﬀractometer (Panalytical Empyrean) used the radiation of a
copper tube monochromatized with a layered X-ray mirror
(λ=1.5418 Å) and a PIXcel3D-detector which was operated in 1D-
mode. A 1/8° divergence, a 10mm mask, and a P7.5 anti-scatter slit
were used in the setup. In situ temperature-dependent XRD studies were
performed with a DHS900 heating stage attachment (AntonPaar,
Austria), using a heating rate of 30 °C/min. The integration time was set
to 3min/measurement [28]. All data were recorded using the same
setup and are represented in the scattering vector (qz) notation, where
qz=4π·sin(θ)/λ.
Surface chemical composition was investigated by X-ray
Photoelectron Spectroscopy (XPS). Analyses were performed with a
Scanning XPS Microprobe (PHI 5000 Versa Probe II, Physical
Electronics), equipped with a monochromatic Al Kα X-ray source
(1486.6 eV) operated at 15 kV with a spot of 100 μm and a power of
24.8W. Survey (0–1200 eV) and high resolution spectra were recorded
in FAT (Fixed Analyzer Transmission) mode at a pass energy of 117.40
and 29.35 eV, respectively. In the set conditions, the analyzer energy
resolution (FWHM, full width at half-maximum height), measured on
the silver Ag 3d5/2 photoemission line, was 0.7 eV for a pass energy of
29.35 eV. All spectra were acquired at a take-oﬀ angle of 45° with re-
spect to the sample surface. Surface charging was compensated using a
dual beam charge neutralization, with a ﬂux of low energy electrons
(∼1 eV) combined with very low energy positive Ar ions (10 eV).
Samples were sputter cleaned for 1min with an Ar ion beam of 1 KV,
1 μA (raster size: 2× 2 cm2). The acquired spectra were processed with
CasaXPS software. The lattice OeZn component of the O1s spectrum
was used as internal standard for charging correction and it was set to
529.8 eV [29].
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3. Results and discussion
3.1. Room temperature ZnO: in situ investigation
ZnO layers of 30 nm in thickness were deposited with PE-ALD at
room temperature, following the procedure already reported [17]. In
order to measure the evolution of the optical properties of the materials
as a function of the annealing temperature, the layers were investigated
in situ with spectroscopic ellipsometry and X-ray diﬀraction. In Fig. 1,
the normalized thickness (norm-d) and the refractive index (n, at
633 nm) measured in situ are reported as a function of the annealing
temperature.
The refractive index before annealing was 1.862 ± 0.005. The
value is in line with previously reported PE-ALD ZnO [17]. Three main
zones were identiﬁed as a function of temperature, and highlighted in
Fig. 1. In zone I (75–160 °C), removal of adventitious carbon and im-
purities present on the surface of the sample is suggested. The refractive
index was found to slightly increase, due to the removal of less optically
dense material from the surface of the ZnO layer. Consequently, the
thickness is reduced of< 1%, in line with the removal of surface con-
taminations. Signiﬁcant changes in the material optical constants and
thickness started in zone II (170–280 °C). In this temperature range, a
total reduction of 3.5% of the ﬁlm thickness was witnessed, together
with an increase in refractive index, up to values of 1.889 ± 0.005.
The change in optical properties in this temperature range is attributed
to the partial removal of carbon contaminations: Carbon contamina-
tions with an atomic percent of 2.6% were measured by XPS. Moreover,
additional ZnO is consequentially formed in the presence of an oxida-
tive environment. In the literature, eﬀusion experiments carried out on
ALD ZnO deposited also at room temperature pointed out the eﬀusion
of water and hydrogen from the layers in the same temperature range,
above 150 °C [30]. Particularly, layers deposited at room temperature
showed the highest amount of incorporation within the ZnO matrix of
volatile gases, which would support the signiﬁcant changes measured
by in situ SE here reported for Zone II.
A further increase in temperature identiﬁes a third region (Zone III,
Fig. 1), between 375 °C and 500 °C. The refractive index is found to
increase up to values of 1.926 ± 0.005, and the thickness to decrease
of 6%. In the literature, Zheng et al. [19] reported on the eﬀect of
annealing on thermal ALD ZnO as measured with spectroscopic ellip-
sometry. Comparable results in terms of thickness loss are obtained for
ZnO deposited at 150 °C in the same annealing temperature range. The
authors attributed the decrease in thickness to preferential evaporation
of ZnO. In the present case, evaporation of ZnO is excluded due to the
generally higher temperature at which this evaporation is known to
occur (> 600 °C) [31,32]. Furthermore, the thickness was found not to
signiﬁcantly change between 500 °C and 600 °C, inferring the total re-
moval of contaminants from the layers in this temperature range. The
increase in refractive index can be attributed to the ﬁnal removal of the
less dense carbon-containing groups and formation of denser ZnO.
Furthermore, recrystallization and growth of ZnO crystals are also re-
ported to occur in this temperature range, contributing to the increase
in refractive index of the layers [19]. In between Zone II and Zone III,
the refractive index stayed constant and the thickness was found to
decrease of< 1% up to 300 °C. The mismatch in the two properties is
an indication of diﬀerent mechanisms aﬀecting the layers, additionally
highlighting the robustness of the model used, with no correlation
among the optical parameters chosen. The refractive index increase is
more likely related to structural variations, such as condensation of
adjacent Zn-OH groups, with formation of water [33], or relaxation of
residual stress due to eﬀusion of gases from grain boundaries regions.
Thickness variation, in addition of being strongly correlated with the
aforementioned eﬀects, is also aﬀected by surface removal of the ef-
fusive gases, in turn accounting for the residual thickness variation.
Next to thickness and refractive index, the extinction coeﬃcient was
also followed as a function of the annealing temperature as reported in
Fig. 2a.
As shown in Fig. 2a, k values are found to signiﬁcantly increase in
the region close to the ZnO bandgap (3.3 eV, 375 nm). In order to
Fig. 1. Normalized thickness (norm-d) and refractive index (n, at 633 nm) of
PE-ALD ZnO deposited at 25 °C reported as a function of the annealing tem-
perature during in situ SE measurements. The three main regions aﬀected by the
annealing procedure are also highlighted. The error on norm-d is± 0.01
(± 0.3 nm); the error on the refractive index is± 0.001.
Fig. 2. a) Extinction coeﬃcient (k) measured in situ as a function of the annealing temperature in the wavelength range 370–500 nm and b) single wavelength k-
values as a function of temperature at 375 nm (black squares), theoretical bandgap of the bulk single crystal ZnO, and at 470 nm (blue circles). The error on the
extinction coeﬃcient is in the order of± 3·10−5.
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understand the eﬀect of temperature on the k values, these need to be
correlated with the absorption of the material. The extinction coeﬃ-
cient is related to the absorption coeﬃcient (α) by:
= ∙α λ k λ π
λ
( ) ( ) 4 (2)
so being directly correlated with the absorption of the material at a
speciﬁc wavelength. The increase in k at the bandgap value is therefore
attributed to the absorption edge moving to the lower energy region
with increasing temperature, as shown in Fig. 2b. For polar semi-
conductors, such as ZnO, the increase in k is attributed to a combination
of the thermal eﬀect and the Urbach eﬀect, that is, the temperature
dependent exponential increase of the absorption edge (Urbach tail)
below the energy band gap, leading to a broadening of the region of
absorption caused by the lattice vibrations [34,35]. Hence, structural
changes during annealing are occurring in conjunction with the clas-
sical temperature eﬀects on semiconductors and are therefore diﬃcult
to diﬀerentiate. In order to exclude thermal eﬀects, the value of k was
also followed at higher wavelength, namely 470 nm (see Fig. 2b). At
this wavelength, absorption can be mainly attributed to impurities and
structural defects [19], thus better highlighting the eﬀect of tempera-
ture on the quality of the ZnO thin ﬁlms. As shown in Fig. 2b, k values
(at 470 nm) are found to decrease as a function of the annealing tem-
perature, conﬁrming the origin of the variations to be solely attributed
to irreversible structural changes. As already mentioned for the re-
fractive index and thickness, three main regions can be identiﬁed also
in the k-trends. As previously seen in Fig. 1, Zone I only slightly aﬀects
the optical properties. Zone II and zone III (already identiﬁed in Fig. 1),
in the temperature range 170–280 °C and 375–500 °C, respectively,
show a steep decrease in the extinction coeﬃcient. Removal of carbon
species and defects, deemed responsible for absorption below the
bandgap, can be accounted for such a decrease, pointing out an in-
creased optical quality of the material as a function of the annealing
temperature. Moreover, presence of amorphous regions could also ac-
count for absorption below the bandgap, and recrystallization of ZnO,
known to occur in the range 360–450 °C, would lead to a decrease of the
absorption below the bandgap, conﬁrming the conclusions drawn from
the variation of thickness and refractive index.
In order to follow the evolution of the optical bandgap with tem-
perature, a Tauc plot was derived from the absorption coeﬃcient, cal-
culated from k adopting Eq. (2) (see The Supporting Information, Fig.
S2) and the bandgap values were extrapolated from the linear part of
the curve. The bandgap, measured in situ during the annealing, is pre-
sented in Fig. 3.
The temperature variation of the bandgap can be modeled by the
Varshni equation for semiconductors, that is:
= −
+
E T E αT
T β
( ) (0)g g
2
(3)
where Eg(0) is the bandgap at T= 0, α and β are constants [36–38]. In
order to better highlight the major structural variations occurring
during annealing, the plot in Fig. 3b was modeled with Eq. (3). The
ﬁtting (see The Supporting Information Fig. S3) shows the incompat-
ibility of the classical models for semiconductors for the PE-ALD ZnO
during the annealing procedure. The Varshni model is only able to ﬁt
the bandgap values up to 150 °C, at the beginning of the ﬁrst tem-
perature window which showed optical changes with SE (see Fig. 1).
Next to the in situ investigation of the optical properties, the PE-ALD
ZnO was followed with in situ XRD measurements, showed in Fig. 4.
In a reference ZnO powder (26170-ICSD [39]), peaks are generally
observed at qz positions of 2.23 Å−1, 2.41 Å−1, and 2.54 Å−1, which
match with the (100), (002), and (101) diﬀraction, respectively. The
position of the Bragg peak corresponding to the (100) orientation is
indicated in Fig. 4 as a guide to the eye. The pristine PE-ALD ZnO de-
posited at room temperature (represented in the plot in Fig. 4 as the
diﬀractogram measured at 30 °C) shows a preferential orientation along
the [100] direction, as previously reported [17]. The crystallite or-
ientation is kept throughout the annealing procedure and no additional
peaks appeared. In agreement with the optical properties as a function
of temperature, the Bragg peak was found to change in speciﬁc tem-
perature intervals. Up to 150 °C, no change in position or shape of the
100 peak was witnessed, in line with the band gap values with an-
nealing temperature (Fig. 3). Starting from 200 °C, a shift of the 100
peak to higher qz was measured, corresponding to a decrease of the
lattice spacing [40]. Removal of material and the corresponding de-
crease in thickness and ZnO densiﬁcation (as witnessed by SE) creates a
compressive stress in the layer along the c-axis, in turn reducing the
lattice spacing in the ZnO. As aforementioned, eﬀusive experiment on
ALD ZnO deposited at diﬀerent temperatures showed that, for layers
deposited at room temperature, eﬀusion of water was measured starting
above 150 °C, which could also account for the development of com-
pressive stress [30]. The intensity and width of the peaks do not change
in this temperature region, indicating that the crystallite size and
overall crystallinity of the ZnO are not aﬀected. Starting at 350 °C, a
rapid increase of the intensity of the 100 peak was measured, indicating
an increase in the crystallinity of the ZnO layer. This temperature range
is in agreement with the beginning of the increase in refractive index
measured in Zone 3 (see Fig. 1). The Bragg peak is found to steadily
shift to low qz, that is, an increase of the lattice spacing. The steady
increase was attributed to the thermal expansion of the ZnO, more
prominent at higher temperatures. The crystallite size, as measured
adopting the Scherrer equation, shows an increase in the crystallite size
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Fig. 3. Bandgap of the ZnO layers as a function of temperature as extrapolated
from the Tauc plots obtained from the absorption coeﬃcient.
Fig. 4. In situ XRD measurements performed during the annealing procedure of
the PE-ALD ZnO between 30 °C and 600 °C. Bragg peaks originating from ZnO
and Si are indicated by their respective HKL values.
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ranging from 26.2 nm at room temperature to 31.5 nm at 600 °C. The
increase in overall crystallinity and crystallite size can be attributed to
the crystallization of amorphous regions (apparent in non-annealed
samples) and coalescence of small crystallites [18,19,41]. The combi-
nation of SE and XRD better clariﬁes the nature of the changes in the
ZnO layer. The variation in the optical properties (refractive index and
optical bandgap) with annealing temperatures up to 350 °C are mainly
attributed to removal of impurities from the ZnO layer, together with
the development of compressive stress. Starting from 350 °C, re-
crystallization of amorphous regions of the ZnO and coalescence of
smaller crystallites occurs, causing a further densiﬁcation of the layer,
as witnessed by the increase in refractive index (see Fig. 1). The ab-
sorption for energies below the bandgap is found to decrease more
prominently when the recrystallization of the ZnO occurs. In the same
fashion, higher absorption at the bandgap, indicating an increase in the
quality of the ZnO, is witnessed in the same temperature range (See
Figs. 2 and 3).
3.2. Room temperature ZnO: ex situ investigation
In order to further corroborate the results obtained with in situ SE
and XRD, ex situ characterization of the layers was performed, adopting
SE, XRD, and UV–Vis spectroscopy. In Fig. 5, the SE and UV–Vis mea-
surements are reported.
Fig. 5a shows the evolution of the extinction coeﬃcient k after
annealing at 100, 200, 400, and 600 °C. Up to 200 °C, no major varia-
tion of the k value was measured. Above 200 °C, the extinction coeﬃ-
cient is found to increase around the theoretical value of the ZnO
bandgap of 375 nm, indicating a sharper transition and, in turn, en-
hanced optical properties of the material. These results are in agree-
ment with the in situ investigation, showing that the structural changes
in the ZnO layers are irreversible and can be tailored as a function of the
annealing temperature to meet speciﬁc material requirements. In
Fig. 5b, the UV–Vis absorption spectra are reported. The spectra show
the optical bandgap of ZnO at diﬀerent annealing temperatures. In-
creasing the temperature, the bandgap is found to lose near edge ab-
sorption, resulting in sharper transitions. The absorption edge was
found to shift toward lower energy (red-shift) with the annealing
temperature. Red-shift has been reported in the literature for solution
and vapor-processed ZnO upon annealing, and it was attributed to the
removal of defects and the increase of the crystallite size of the ZnO
[42–44]. This is in agreement with the in situ SE and XRD results,
pointing out material densiﬁcation and increase in crystallite size.
Moreover, with a large free exciton binding energy, ZnO ﬁlms with
good structural quality can show a free excitonic absorption also at
room temperature [34,35,45]. The layers deposited at room tempera-
ture and before annealing do not show the excitonic absorption. The
band edge is smooth, highlighting a high number of defects resulting in
near band edge absorption. The appearance of the exciton peak close to
the bandgap typical of ZnO was witnessed after annealing above 400 °C,
pointing out a correlation between the recrystallization and the optical
quality of the material.
By adopting a Tauc plot (see The Supporting Information, Fig. S4)
the optical bandgap of the thin ﬁlms was extrapolated from the linear
regions for both SE and UV–Vis measurements (Fig. 5c). The mismatch
between the two optical methods arises from the limited region of the
bandgap measured with SE, which introduces a systematic over-
estimation up to 40meV in the bandgap values. Nevertheless, the two
techniques highlight similar aspects of the eﬀect of the annealing on the
ZnO optical properties. Up to 200 °C the bandgap was found to increase
of about 30meV (with UV–Vis). Increase in the bandgap was attributed
to the removal of loosely bound carbon impurities (see elemental
analysis, Table 1) as well as possible elimination of water and inter-
stitial adsorbed oxygen, all introducing near band edge adsorption. At
400 °C, recrystallization of ZnO brings to a red-shift of the bandgap
value while a further increase in temperature does not bring major
structural changes in the ZnO thin ﬁlms, as also witnessed by in situ SE
and XRD.
3.3. Annealing of high-temperature-deposited ZnO
The eﬀect of annealing in air was also measured on ~30 nm thick
Fig. 5. a) Extinction coeﬃcient (k) as a function of the annealing temperature
in the wavelength range 370–500 nm. The measurements were carried out at
room temperature after an annealing step at the temperature indicated in the
plot. b) Absorbance of the PE-ALD ZnO layers deposited at 25 °C after annealing
at diﬀerent temperatures as measured by UV–Vis spectroscopy; it is worth no-
ticing the presence of an artifact at 340 nm for all the spectra. c) bandgap of the
PE-ALD ZnO after annealing at diﬀerent temperatures as derived from SE and
UV–Vis measurements.
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PE-ALD ZnO deposited at higher temperatures, between 50 °C and
250 °C, and diﬀerences in material composition and quality were
highlighted. The elemental composition of the layers is reported in
Table 1. In Fig. 6, the in situ (normalized) thickness (Fig. 6a) and the
post-annealing ex situ absorption coeﬃcient measured by SE at the ZnO
theoretical bandgap (375 nm, Fig. 6b) are reported.
The in situ thickness variation as a function of the annealing tem-
perature highlights diﬀerences in the quality of the ZnO layers. ZnO
deposited at 50 °C has a thickness proﬁle that resembles the one for
room-temperature deposited ZnO (see Fig. 1). In the temperature
ranges identiﬁed in the previous section as Zone 2 and Zone 3, the
thickness was found to drop, pointing out removal of impurities and
densiﬁcation/recrystallization of the layers, respectively. This is also
conﬁrmed by the increase in absorption at the bandgap after annealing
(Fig. 6b) and the increase in refractive index (see The Supporting In-
formation Fig. S5). Thickness loss of 6% was found for the 50 °C-PE-
ALD-ZnO after annealing at 600 °C, comparable to the thickness loss of
the room-temperature-deposited ZnO. As the deposition temperature
increased, the eﬀects of the annealing were less pronounced. As shown
in Fig. 6a, the thickness loss in the temperature range 200–300 °C was
found to gradually disappear, pointing out the absence of loosely bound
impurities in the layer when deposited at higher temperatures. Thick-
ness loss was found to decrease, from 6% (at 50 °C deposition tem-
perature) to< 2% (at 200 °C deposition temperature), and thermal
expansion was also witnessed for layers deposited at 150 and 200 °C,
inferring a higher ZnO quality in this deposition temperature range.
Layers deposited at 250 °C showed a higher thickness loss (3%), due to
the presence of carbon contaminations (see Table 1). Diﬀerences in the
layers are also highlighted in Fig. 6b. The absorption coeﬃcient was
found to increase for all the deposition temperatures investigated, and
the diﬀerence after annealing was found to decrease, pointing out
better ZnO quality up to 200 °C, while decreasing again at 250 °C,
conﬁrming the conclusions drawn from the in situ SE measurements. It
is worth mentioning that a variation of roughness, as measured by X-ray
reﬂectivity before and after annealing (Table 1s, Supporting Informa-
tion) does not contribute to the thickness drop as measured by SE. The
roughness values were measured up to 2.2 nm before annealing, slightly
increasing to 2.5 nm after annealing. Bandgap values were also calcu-
lated from the SE measurements (see The Supporting Information Fig.
S6 and S7), showing in this case a blue-shift in the bandgap value. The
blue shift was attributed to the presence (and, in turn, removal upon
annealing) of a lower amount of impurities and near-band-edge ad-
sorption states, due to the better ZnO quality when deposited at higher
temperatures. Moreover, the higher quality of the layers deposited at
higher temperature was also conﬁrmed by the applicability of the
Varshni equation as a function of temperature. An example is presented
in Fig. S8. Increased quality with annealing was also witnessed with
XPS measurements, which showed a general increase of the O/Zn ratio
(see The Supporting Information Fig. S9) due to the annealing in oxi-
dative ambient, providing more oxygen to the layers, in turn con-
tributing to the recrystallization of ZnO. The atomic composition and
the relative content are presented in Table 1.
The crystal structure of the pristine and annealed ZnO was also
investigated. The diﬀractograms of the ZnO layers before and after
annealing are presented in Fig. 7.
In Fig. 7, also the diﬀractograms of the ZnO layer deposited at room
temperature are reported as comparison. As a function of temperature,
in the pristine layers a transition from a [100] to a [002] preferential
direction of the crystallite growth was observed, in line with previous
literature on ZnO [10,16]. For all the samples investigated, the peak
attributed to the preferential growth direction is shifted at lower q
values, that is, the distance between the crystalline planes is larger.
After annealing, a shift of the major peak toward higher value of q
suggests the release of residual compressive stress in the ﬁlms with
temperature. Moreover, increase in the intensity of the peak suggests
the presence of amorphous regions in the pristine ﬁlms, which are re-
crystallized after annealing. Coalescence of smaller grains and crystal-
lite growth due to the presence of the amorphous regions is also pointed
out by the decrease in peak width, as also aforementioned for the in situ
XRD on the room temperature ZnO layer. The lattice constants and the
residual stress before and after annealing were calculated from the XRD
diﬀractograms. The lattice constants a and c of the wurtzite ZnO
structure were calculated using the Bragg's law for ﬁrst order diﬀrac-
tion. In this case, the plane distance, d, can be written in terms of Miller
indices (h, k, and l) and lattice constants (a and c): [41,43].
⎜ ⎟= ⎛
⎝
+ + ⎞
⎠
+
d
h hk k
a
l
c
1 4
3hkl2
2 2
2
2
2 (4)
Table 1
Chemical composition of the PE-ALD layers as measured by XPS as a function of
the deposition temperature.
Deposition temperature
[°C]
Zn
[at.%]
± 0.5%
O
[at.%]
± 0.5%
[O]/[Zn] C
[at.%]
± 0.5%
25 47.6 51.6 1.084 2.6
50 48.8 51.1 1.048 < 1%
100 47.9 51.1 1.067 < 1%
150 48.1 50.9 1.057 < 1%
200 47.7 51.6 1.081 < 1%
250 47.7 51.5 1.081 2
Fig. 6. a) In situ normalized thickness followed by SE during the annealing procedure in air for PE-ALD ZnO layers deposited between 50 °C and 250 °C. All layers had
a thickness of 30 ± 3 nm and the values are reported as normalized for the sake of clarity. The error on every single curve is in the order of± 0.3 nm (± 0.01 in
normalized thickness). b) absorption coeﬃcient calculated form the k values as measured by SE at 375 nm. Empty and ﬁlled symbols refer to the values measured
before and after annealing, respectively. The error on the measurement is in the order of± 5·104 cm−1.
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From Bragg's law
=d λ
θ2 sin( )
,hkl
hkl (5)
with λ=1.5406 Å the wavelength of Cu Kα radiation, the lattice
parameters a and c can then be calculated from the Bragg peaks ori-
ginating from the (100) and (002) planes:
= =a λ
θ
c λ
θ3 sin
;
sin100 002 (6)
In Table 2, the values of the calculated lattice constants are reported
as a function of the deposition temperature before and after annealing.
The lattice constants for pure ZnO are reported in the range
a=3.2475–3.2501 and c=5.2042–5.2075 [6]. The ZnO deposited by
PE-ALD has generally a larger lattice constant for both a and c. The
presence of grain boundaries, defects and amorphous regions accounts
for the uniform lattice expansion. After annealing, the removal of (part)
of the defects in the ZnO structure leads to a uniform shrinking of the
lattice plane distances, closer to the pure ZnO wurtzite structure. Re-
sidual stress in thin ﬁlms can also be calculated from the position of the
XRD Bragg peaks [46]. For ZnO thin ﬁlms, the stress was derived from:
⎜ ⎟= − ⎛
⎝
− ⎞
⎠
σ
c c
c
233 ,bulk film
bulk (7)
where cbulk is the strain free lattice constant and cﬁlm is the lattice
constant calculated from the XRD Bragg peak. The residual stress before
and after annealing is reported in Table 2. Compressive stress is gen-
erally present in the ZnO layers after deposition [47]. The annealing
procedure reduces the overall compressive stress, in some cases in-
troducing tensile stress in the layers. It is worth noticing that the 100
crystallites show a lower interplanar spacing compared to the pure ZnO
and a residual tensile stress. The (100) preferential growth with its
planes parallel to the substrate has been reported with a higher surface
free energy than the (002) planes [41]. At high temperatures, the 100
intensity becomes very small, eventually disappearing between 150 °C
and 200 °C. The small dimension and the high energy could account for
the diﬀerent residual stress when compared to the 002 crystallites.
In summary, the in situ and ex situ characterization of the ZnO layers
deposited at high temperature upon annealing revealed additional
diﬀerences among the layers as a function of the deposition tempera-
ture. Defects and contamination are present in all ZnO layers, but as a
function of the deposition temperature, diﬀerent sources of defects are
present, loosely bound at low deposition temperatures. Upon annealing,
the optical quality of the layers was found to increase, with minor ef-
fects for the ZnO deposited at higher temperatures. On the contrary,
increase in the overall crystallinity was found for layers deposited at
higher temperature and with a strong 002 preferential orientation.
4. Conclusions
The eﬀect of annealing in air on the optical, chemical and structural
properties of ZnO thin ﬁlms deposited by plasma enhanced atomic layer
deposition was investigated in detail, with the aim of enhancing the
opto-chemical and structural material properties. The layers were an-
nealed up to 600 °C. In situ spectroscopic ellipsometry and X-ray dif-
fraction were adopted to investigate the material properties of room
temperature deposited ZnO during the annealing procedure. The com-
bination of the two in situ methods identiﬁed temperature windows for
the removal of adsorbed species and contaminants (such as carbon
contaminations, water and Zn-hydroxyl groups, Zone I and II) and for
the recrystallization/densiﬁcation of the materials (Zone III). Between
200 °C and 300 °C removal of contaminants occurs. SE showed thickness
loss and increase in the refractive index, together with an increase in
the absorption coeﬃcient (at 375 nm) of the ZnO layers. No change in
the structure of the layer was witnessed with XRD, which pointed out
the sole removal of impurities from the ZnO layers. Starting at 360 °C
till 500 °C, major structural and optical changes were measured, iden-
tifying this temperature window as critical for ZnO-based applications.
Densiﬁcation of the layer and increase in crystallinity were observed,
leading in turn to a higher material quality. Near-bandgap absorption
was found to drastically decrease leading to sharper optical bandgap.
The in situ investigation was corroborated by ex situ characterization of
the ZnO layers, at diﬀerent stages of the annealing procedure, showing
the tunability of the ZnO optical and structural properties as a function
of the annealing temperature.
The study was extended to PE-ALD ZnO layers deposited at higher
temperatures. The combination of in situ and ex situ analyses high-
lighted the presence of diﬀerences among the ZnO layers in terms of
contaminations/defects and structural properties, prior the annealing.
Removal of loosely bound contamination was observed for layers de-
posited up to 100 °C. With higher deposition temperatures, minor ef-
fects of the annealing procedure up to 360 °C were found. At this
temperature, recrystallization and densiﬁcation of the materials
Fig. 7. XRD measurements of the ZnO layers before (blue line) and after (red
line) annealing at 600 °C for PE-ALD ZnO layers deposited at diﬀerent tem-
peratures. The deposition temperatures are reported on the plot. The main
crystallographic orientations of ZnO are also reported. The dotted lines show
the position and relative intensity of a reference ZnO powder sample (26170-
ICSD) [39].
Table 2
Values of the ZnO wurtzite lattice constants a and c before and after annealing
and the residual stress σ for the PE-ALD ZnO deposited at diﬀerent tempera-
tures.
Deposition T
[°C]
a
[Å]
(± 0.005)
c
[Å]
(±0.005)
σ100
[MPa]
(± 0.02)
σ002
[MPa]
(± 0.02)
Before After Before After Before After Before After
25 3.255 3.248 −0.41 0.16
50 3.242 3.245 5.244 5.229 0.56 0.35 −1.65 −1.02
100 3.255 3.242 5.249 5.214 0.46 0.56 −1.88 −0.31
150 3.244 3.239 5.239 5.208 0.44 0.78 −1.46 −0.08
200 5.231 5.205 −1.08 0.05
250 5.256 5.206 −2.18 0.03
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occurred, independent of the deposition conditions. Residual stress
calculations measured from the XRD diﬀractograms showed the re-
duction of the total compressive stress upon annealing. The absorption
coeﬃcient (at 375 nm) was found to increase after annealing, with an
eﬀect proportional to the initial optical quality of the ZnO. An increased
O/Zn ratio was measured with XPS, pointing out only increased amount
of oxygen provided during annealing.
Overall, the investigation highlights diﬀerent aspects of the PE-ALD
ZnO thin ﬁlms, which have been increasingly adopted for cutting-edge
opto-electrical devices. The in situ characterization highlighted im-
portant diﬀerences among layers processed with increasing deposition
temperatures and the impact of speciﬁc annealing temperature win-
dows on the material characteristics, suggesting the post-deposition
annealing as a valuable tool to add speciﬁc properties to the material
that are not achievable by depositing at higher temperature.
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